Abstract A phytochemical study was undertaken on the internal leaves of tronchuda cabbage (Brassica oleracea L. var. costata DC). Seventeen phenolic compounds were characterized and quantified by reversed-phase HPLC-DAD-ESI-MS n and HPLC/DAD, respectively: quercetin 3-
effects, the complex mixture of the compounds present in fruits and vegetables provides a more effective protective action on health than single phytochemicals [3, 13] . This is ascribed to the fact that different plants have distinct compounds contents, with several structures, thus offering different protective mechanisms at different levels. So, to obtain optimal health benefits, it has been suggested a diet composed of a variety of phytochemical sources, such as fruits and vegetables [3, 8, 13] .
Brassica vegetables, including all cabbage-like ones, are consumed in enormous quantities throughout the world and are important in human nutrition. They are reported to reduce the risks of some cancers especially due to its content of glucosinolates and their derived products [14] [15] [16] [17] , although phenolic compounds are also considered to contribute to this capacity [18] [19] [20] . Some Brassica oleracea varieties, namely cauliflower [21, 22] , broccoli [8, 9, 22, 23] and several cabbages [2, 3, 13, 22, 24] have already been studied for their antioxidant capacity in different experimental models.
Tronchuda cabbage (Brassica oleracea L. var. costata DC) plant resembles a thick-stemmed collard with large floppy leaves. Leaves are close together, round, smooth and slightly notched at the margins. Regarding the organoleptic properties, internal and external leaves are considerably different: internal leaves are pale yellow and are tender and sweeter than the dark green external leaves, which may influence the consumer's choice. Due to these characteristics internal leaves are eaten raw in salads or, most usually, cooked. As far as we know, only the phenolic composition of the external leaves has been described, consisting of complex flavonol glycosides [25] , and nothing has been reported about the antioxidant capacity of tronchuda cabbage.
The objectives of this study were to define the phenolics and organic acids composition and to evaluate the antioxidant potential of tronchuda cabbage internal leaves hot-water extract, since this is the way how it is most consumed. Phenolic profile was established by reversed-phase HPLC-DAD-ESI-MS n and HPLC-DAD analysis. Organic acids were determined by HPLC/UV. The antioxidant activity was assessed by the capacity to act as scavenger of DPPH radical and reactive oxygen species (superoxide radical, hydroxyl radical and hypochlorous acid). A comparison with tronchuda cabbage external leaves was also undertaken.
Materials and methods

Standards and reagents
The standards were from Sigma (St. Louis, MO) and from Extrasynthése (Genay, France). Methanol, ammonium acetate and acetic acid were obtained from Merck (Darmstadt, Germany) and sulphuric acid from Pronalab (Lisboa, Portugal). The water was treated in a Milli-Q water purification system (Millipore, Bedford, MA). DPPH, xanthine, xanthine oxidase (XO) grade I from buttermilk (EC 1.1.3.22), β-nicotinamide adenine dinucleotide (NADH), phenazine methosulfate (PMS), nitroblue tetrazolium chloride (NBT), ferric chloride anhydrous (FeCl 3 ), ethylenediaminetetraacetic acid disodium salt (EDTA), ascorbic acid, trichloroacetic acid, thiobarbituric acid, deoxyribose, sodium hypochlorite solution with 4% available chlorine (NaOCl), 5,5 -dithiobis(2-nitrobenzoic acid) (DTNB) were obtained from Sigma (St. Louis, MO).
Plant material and sampling
Tronchuda cabbages were grown under organic practices, certified by the national authority (Instituto de Desenvolvimento Rural e Hidráulica), following the guidelines of Council Regulation (EEC) no 2092/91 of 24 June 1991 (organic production). Only organic fertilization was made with sheep manure and no phytosanitary treatments were applied. After harvesting in October 2004, three plants randomly selected were immediately transported to the laboratory where external and internal leaves were separated. The internal leaves were freezed and lyophilised (Modulyo 4 K Freeze Dryer Ed wards) and the three lyophilised materials were powdered, mixed and kept in an exsicator, in the dark. The same procedure was applied to the external leaves.
Sample preparation
The identification of the phenolic compounds in tronchuda cabbage internal leaves was performed using a hydromethanolic extract: the lyophilised plant material (ca. 0.5 g) was thoroughly mixed with 5 ml methanol-water (1:1), ultra-sonicated, centrifuged and filtered.
For antioxidant activity assays both internal and external leaves extracts were prepared by putting 3.0 g of lyophilised plant material in 600 ml of boiling water. The mixture was boiled for an hour and then filtered over a Büchner funnel. The resulting extracts were then lyophilised and a yield of 1.6 and 1.2 g were obtained for internal and external leaves, respectively. The lyophilised extracts were kept in an exsicator, in the dark. For organic acids analysis the lyophilised extracts were redisssolved in sulphuric acid 0.01 N. For phenolic compounds determination water was used for the redissolution of the lyophilised extracts.
HPLC analysis of organic acids
The separation was carried out as previously reported [26] with some modifications. The system consisted of an analytical HPLC unit (Gilson) with an ion exclusion column, Nucleogel Ion 300 OA (300 mm×7.7 mm) in conjunction with a column-heating device set at 30
• C. Elution was carried out isocratically with sulphuric acid 0.01 N as mobile phase with a flow rate of 0.2 ml min −1 . The injection volume was 20 µl. Detection was performed with an UV detector set at 214 nm. Organic acids quantification was achieved by the absorbance recorded in the chromatograms relative to external standards.
HPLC-DAD-ESI-MS
n qualitative analysis of phenolics in internal leaves Chromatographic separations were carried out on a 250 mm×4 mm, 5-µm particle size, RP-18 LiChroCART (Merck, Darmstadt, Germany) column protected with a 4 mm×4 mm LiChroCART guard column using acetic acid 1% (A) and methanol (B) as solvents, starting with 20% B and using a gradient to obtain 50% B at 30 min and 80% B at 37 min. The flow rate was 1 ml min −1 and the injection volumes varied between 10 and 50 µl.
The HPLC system was equipped with an Agilent 1100 Series diode array and a mass detector in series (Agilent Technologies, Waldbronn, Germany). It consisted of a G1312A binary pump, an G1313A autosampler, a G1322A degasser and a G1315B photodiode array detector controlled by a ChemStation software (Agilent, v. 08.03). Spectroscopic data from all peaks were accumulated in the range 240-400 nm, and chromatograms were recorded at 330 nm. The mass detector was a G2445A Ion-Trap Mass Spectrometer equipped with an electrospray ionisation (ESI) system and controlled by LCMSD software (Agilent, v. 4.1.). Nitrogen was used as nebulizing gas at a pressure of 65 psi and the flow was adjusted to 11 l min −1 . The heated capillary and voltage were maintained at 350
• C and 4 kV, respectively. The full-scan mass covered the range from m/z 90 up to m/z 2000. Collision-induced fragmentation experiments were performed in the ion trap using helium as collision gas, with voltage ramping cycles from 0.3 up to 2 V. MS data were acquired in the negative ionisation mode. MS n data were achieved in the automatic mode on the more abundant fragment ion in MS n−1 . Tables 1-3 show the most frequent ions which characterise the fragmentation of the compounds. Other ions were found but they have not been included due to their low significance on the MS behaviour ions. The classical nomenclature for glycoconjugates was 
n j represent fragments still containing the flavonoid aglycone, where j is the number of the interglycosidic bond broken, counted from the aglycon, n represents the position of the phenolic hydroxyl where the oligosaccharide is attached, and the k and l denote the cleavage within the carbohydrate rings. The ions obtained through the fragmentation of flavonoids with glycosylation in two different phenolic hydroxyls were labelled with a superscript number that indicates the position of these hydroxyls [27] [28] [29] .
In order to enhance ionisation, mainly for the compounds 2 and 5, ammonium acetate 10 mM with a flow of 2 ml h −1 was added to the eluent with a T join between the UV and the mass detector.
HPLC-DAD quantitative analysis of phenolics
Twenty microliters of the internal leaves hot-water extract were analysed using a HPLC unit (Gilson) and a RP-18 LiChroCART (Merck, Darmstadt, Germany) column (250 mm×4 mm, 5-µm particle size). The solvent system was the same as described for the qualitative analysis.
The quantification of the phenolic compounds present in external leaves hot-water extract was performed according to a described procedure [25] , using a HPLC unit (Gilson) and a 250 mm×4.6 mm i.d., 5 µm Spherisorb ODS2 column (Waters, Milford). The solvent system was a mixture of formic acid 5% in water (A) and methanol (B), with a flow rate of milliliters per minute, and the gradient was as follows: 0 min: 10% B; 25 min: 20% B; 40 min: 50% B; 45 min: 50% B; 46 min: 90% B; 50 min: 90% B; 55 min: 100% B; 58 min: 100% B; and 60 min: 10% B.
In both cases detection was achieved with a Gilson diode array detector. Spectral data from all peaks were accumulated in the range of 200-400 nm, and chromatograms were recorded at 330 nm. The data were processed on Unipoint system Software (Gilson Medical Electronics, Villiers le Bel, France). Peak purity was checked by the software contrast facilities.
Phenolic compounds quantification was achieved by the absorbance recorded in the chromatograms relative to external standards. Since standards of the compounds identified in the internal leaves hot-water extract were not commercially available quercetin 3-O-sophoroside-7-O-glucoside was quantified as rutin, 3-and 4-p-coumaroylquinic acids were quantified as p-coumaric acid, the kaempferol derivatives were quantified as kaempferol 3-O-rutinoside and sinapic acid derivatives as sinapic acid.
DPPH scavenging activity
The antiradical activity of the extracts was determined spectrophotometrically in an ELX808 IU Ultra Microplate Reader (Bio-Tek Instruments, Inc), by monitoring the disappearance of DPPH at 515 nm, according to a described procedure [30] . For each extract, a dilution series (five different concentrations) was prepared in a 96-well plate.
The reaction mixtures in the sample wells consisted of 25 µl hot-water extract and 200 µl DPPH radical dissolved in methanol. The plate was incubated for 30 min at room temperature. Three experiments were performed in triplicate.
Evaluation of superoxide radical scavenging activity Antiradical activity was determined spectrophotometrically in an ELX808 IU Ultra Microplate Reader (BioTek Instruments, Inc), by monitoring the effect of the lyophilised extracts on the O 2
•− -induced reduction of NBT at 562 nm. The direct reduction of NBT by the extracts was checked without the superoxide radical generation systems and no effect was observed.
Non-enzymatic assay Superoxide radicals were generated by the NADH/PMS system according to a described procedure [31] . All components were dissolved in phosphate buffer 19 mM, pH 7.4. Three experiments were performed in triplicate.
Enzymatic assay
Superoxide radicals were generated by the xanthine/xanthine oxidase (X/XO) system following a described procedure [31] . Xanthine was dissolved in NaOH 1 µM and subsequently in phosphate buffer 50 mM with EDTA 0.1 mM, pH 7.8, xanthine oxidase in EDTA 0.1 mM and the other components in phosphate buffer 50 mM with EDTA 0.1 mM, pH 7.8. Three experiments were performed in triplicate.
Effect on xanthine oxidase activity
The effect of the lyophilised extracts on xanthine oxidase activity was evaluated by measuring the formation of uric acid from xanthine in a double beam spectrophotometer (Heλios α, Unicam), at room temperature. The reaction mixtures contained the same proportion of components as in the enzymatic assay for superoxide radical scavenging activity, except NBT, in a final volume of 750 µl. The absorbance was measured at 295 nm for 2 min. Three experiments were performed in triplicate.
Hydroxyl radical assay
The deoxyribose method for determining the scavenging effect of the hot-water extracts on hydroxyl radicals was performed according to a described procedure [32] in a double beam spectrophotometer (Heλios α, Unicam). Reaction mixtures contained 50 µM ascorbic acid, 40 µM FeCl 3 , 2 mM EDTA, 2.8 mM H 2 O 2 , 2.8 mM deoxyribose and lyophilised extracts. All components were dissolved in KH 2 PO 4 -KOH buffer 10 mM, pH 7.4. This assay was also performed either without ascorbic acid or EDTA, in order to evaluate the extracts pro-oxidant and metal chelation potential, respectively. Three experiments were performed in triplicate.
Hypochlorous acid scavenging activity
The inhibition of hypochlorous acid-induced 5-thio-2-nitrobenzoic acid (TNB) oxidation to 5,5'-dithiobis(2-nitrobenzoic acid) was performed according to a described procedure [32] , in a double beam spectrophotometer (Heλios α, Unicam). Hypochlorous acid and TNB were prepared immediately before use. Scavenging of hypochlorous acid was ascertained by using lipoic acid as a reference scavenger, which scavenged HOCl in a concentration dependent manner (data not shown). Three experiments were performed in triplicate.
Results and discussion
Characterization of the internal leaves phenolic compounds
The screening by HPLC-DAD-ESI-MS n of the hydromethanolic extract of tronchuda cabbage internal leaves (Fig. 1A) revealed the presence of several hydroxycinnamic acid derivatives, with the exception of compounds 1, 3 and 11, which UV and MS spectra (Table 1) coincided with those of quercetin 3-O-sophoroside-7-O-glucoside, kaempferol 3-O-sophoroside-7-O-glucoside and kaempferol 3-O-sophoroside, respectively. These compounds had already been characterized in other Brassica vegetables, namely cauliflower [33] and broccoli [34] , and their MS fragmentation allows them to be differentiated from other possible isomers [35] . Compounds 4, 6, 7 and 8 are monoacylated derivatives of compound 3, being caffeic, sinapic, ferulic and p-coumaric acids linked to the sophorose, respectively (Table 2) . These compounds had also been reported in the previously mentioned Brassica species and exhibit a characteristic MS fragmentation pathway [34] .
The HPLC-DAD-ESI-MS n analysis showed an abundance of non-flavonoidic hydroxycinnamic acid derivatives. Thus, in the first part of the chromatogram (Fig. 1A) In the second part of the chromatogram (Fig. 1A ) some compounds corresponding to sinapic and ferulic acids esterified with a dihexose were noticed (compounds 12-17). Several conjugates of gentiobiose (glucosil 1→6 glucose) 
[(M-H)→ (M-H-Fer)] − ; (C) MS 3 [(M-H)→ (M-H-Fer-Sinp)]
− and hydroxycinnamic acids had been characterized before in broccoli [37] and, therefore, the compounds detected in this work may be coincident with them. In addition, this type of compounds is very common in Brassica species [33, 34, 38] . From the study of the distinct MS n fragmentation pathways (Table 3) it could be observed, in all cases, the loss of 224 amu from the deprotonated molecular ion, corresponding to sinapic acid. Those compounds that besides sinapic acid presented ferulic acid (compounds 13 and 16) also displayed the loss of this acid (194 amu) Fig. 2A, Table 3 ). In (Figs. 2B , C, 3B and C). Other ions resulting from the partial fragmentation of the sugars were observed but not included in Table 3 . Tentatively, we can consider that the detected compounds are coincident with those previously described [37] and were identified as 1,2-disinapoylgentiobiose (12), 1-sinapoyl-2-feruloylgentiobiose (13), 1,2,2 -trisinapoylgentiobiose (15), 1,2 -disinapoyl-2-feruloylgentiobiose (16). Compounds 14 and 17 are 1,2-disinapoylgentiobiose isomers.
In the hydroalchoolic extract synapic acid (10) was also detected in trace amounts (Fig. 1A) .
The aqueous lyophilised extract of tronchuda cabbage internal leaves presented a similar composition. However, in this extract it were not found quercetin 3-O-sophoroside-7-O-glucoside (1), kaempferol 3-O-(pcoumaroyl)-sophoroside-7-O-glucoside (8), 1-sinapoyl-2-feruloylgentiobiose (13) and the isomers of 1,2-disinapoylgentiobiose (14 and 17). Besides, in this aquous extract 4-p-coumaroylquinic acid (9) was present (Fig. 1B) .
All these compounds are identified in tronchuda cabbage for the first time, with the exceptions of kaempferol (3) and kaempferol 3-Osophoroside (11), previously described in its external leaves [25] .
Internal leaves phenolic compounds quantitative analysis
In order to a get a better characterization of the aqueous lyophilised extract of tronchuda cabbage internal leaves used in antioxidant assays, its phenolic compounds were quantified by HPLC/DAD. The results showed a high content of phenolics (ca. 1.4 g kg −1 , dry basis) (Table 4) followed by 3-p-coumaroylquinic acid (2) (ca. 14% of total phenolics). 1,2 -Disinapoyl-2-feruloylgentiobiose (16) was present in the lowest amount (ca. 1% of total identified compounds). Sinapic acid (10), which was detected only in vestigial amounts in the hydro-methanolic extract, represented 13% of the identified phenolics in the aqueous lyophilised extract. The presence of higher amounts of sinapic acid and the existence of 4-p-coumaroyl quinic acid (9) in the hotwater extract may be attributed to a higher solubility of these compounds in the boiling water. Decomposition of the sinapic acid derivatives can partially explain the differences observed in the chromatograms of both methanolic and hot-water extracts.
Identification and quantification of organic acids by HPLC/UV Tronchuda cabbage internal leaves presented a chemical profile composed by seven identified organic acids: aconitic, citric, ascorbic, malic, quinic, shikimic and fumaric acids (Fig. 4A ). All these compounds are described for the first time in this cabbage. None of the samples presented oxalic, ketoglutaric, succinic, lactic, acetic, pyruvic, malonic or tartaric acids. The lyophilised extract exhibited a high content of organic acids (ca. 23 g kg −1 ), in which citric acid was the main compound, representing ca. 43% of total identified organic acids, followed by the pair malic plus quinic acids (ca. 28% of total acids) (Table 5 ). Shikimic acid was the compound present in minor amounts, accounting for ca. 0.2% of compounds (Table 5) .
Antioxidant activity
The DPPH • assay constitutes a screening method currently used to provide basic information on the antiradical activity of extracts. Reduction of DPPH
• by antioxidants leads to a loss of absorbance at 515 nm [39] . In the present work the lyophilised extract of tronchuda cabbage internal leaves displayed a concentration-dependent antioxidant potential, measured by the DPPH assay (IC 25 at 1192 µg ml −1 ), although with less effectiveness than external leaves (IC 25 at 440 µg ml −1 ) (Fig. 5 ). Tronchuda cabbage internal leaves scavenged X/XOgenerated superoxide radical in a concentration dependent manner (Fig. 6A) , with an IC 50 at 351 µg ml −1 , but its external leaves exhibited stronger antiradical capacity (IC 50 at 102 µg ml −1 ) (Fig. 6B) . Since an inhibitory effect on the enzyme itself would also lead to a decrease in NBT reduction [31] , the effect of the lyophilised extracts on the metabolic conversion of xanthine to uric acid was checked. The results demonstrate that the internal leaves extract had a weak inhibitory effect on XO, which was concentration dependent (IC 10 at 273 µg ml −1 ) (Fig. 6A ), while external leaves had no effect on the enzyme (Fig. 6B) . The capacity of both lyophilized extracts to scavenge superoxide radicals in a concentration-dependent way was confirmed when this radical was generated by a chemical system composed by PMS, NADH and oxygen. The results indicated that internal leaves, with an IC 25 at 101 µg ml −1 (Fig. 6A) , had lower ability to scavenge superoxide radical than external leaves (IC 25 at 43 µg ml −1 ) (Fig. 6B) . So, the antioxidant activity exhibited by the internal leaves in the enzymatic assay is achieved by their capacity to act as both superoxide radical scavengers and XO inhibitors.
Tronchuda cabbage internal leaves extract also exhibited a potent scavenging activity for hydroxyl radical in a concentration dependent manner (Fig. 7A) , with an IC 25 at 27 µg/ml, although less efficient than external leaves extract (IC 25 at 10 µg/ml) (Fig. 7B) . If we omit ascorbate in the reaction mixture, and if prooxidant compounds are present, they will be able to redox cycle the metal ion required for hydroxyl generation, and thus increase the radical production [40] . In order to evaluate the pro-oxidant potential of the extracts, we omitted ascorbic acid, and we found that both lyophilised extracts were not effective substitutes for ascorbic acid (Fig. 7) . Thus, tronchuda cabbage internal and external leaves do not act as pro-oxidants. Some compounds inhibit deoxyribose degradation in this assay, not by reacting with hydroxyl radicals, but because they present ion-binding capacity and can withdraw the iron ions and render them inactive or poorly active in Fenton reactions [41] . Attending to this fact, the assay was also performed in the absence of EDTA in order to check the ability of the extracts to chelate iron ions. In the assay performed under these conditions both internal and external leaves lyophilised extracts had a similar behaviour, exhibiting a weak ability to chelate iron ions (Fig. 7) .
The oxidizing properties of HOCl induce the conversion of TNB (λ max =412 nm) to DTNB (λ max =315 nm). In the present assay a HOCl scavenger inhibits the oxidation of TNB into DTNB [42] . Tronchuda cabbage internal leaves lyophilized extract exhibited a weak HOCl scavenging activity, in a concentration-dependent manner, as shown in Fig. 8 . The external leaves revealed to have higher antioxidant capacity against HOCl (Fig. 8) .
Despite the antioxidant capacity exhibited by tronchuda cabbage internal leaves, in general terms, and according to the results obtained in all assays, they exhibited lower antioxidant potential than external leaves. This can be ascribed to the higher content of both phenolics and organic acids in the external leaves (Tables 5 and 6 ), which are known to have antioxidant activity [43] . In addition, the qualitative phenolic composition is also different: in the external leaves extract, with the exceptions of 3-p-coumaroylquinic acid (2), kaempferol 3-Osophoroside-7-O-glucoside (3) and kaempferol 3-Osophoroside (11), several phenolic compounds were identified, namely flavonol glycosides, distinct from those detected in the internal leaves (Fig. 9) . Either flavonol glycosides [44, 45] or hydroxycinnamic esters [46] have demonstrated antioxidant activity. However, as the content of flavonol glycosides is higher in external leaves than in internal ones (95 and 54% of total phenolic compounds, respectively), this class of phenolics may contribute the most for the effects observed. On the other hand, the higher amount of acylated flavonols, namely caffeoyl derivatives, in the external leaves (Table 6 ) might also explain their potent antioxidant capacity. These compounds are reported to have high scavenging ability due to the presence of an o-dihydroxy structure in the caffeoyl moiety, which confers great stability to the radical form and participates in the electron delocalisation [44] .
Concerning the organic acids, despite the presence of the previously mentioned seven compounds (Fig. 4) , quantitative differences were noticed between internal and external leaves (Table 5) , which may influence the antioxidant potential. Citric acid was the main compound in the external leaves, corresponding to 43% of total identified acids, followed by the pair malic plus quinic acids (28%), while internal leaves presented ascorbic acid and the pair malic plus quinic acids in the highest amount (34%, each). Thus, it seems that citric acid may have an important role in the antioxidant potential of tronchuda cabbage, as can be seen by the higher capacity exhibited by the external leaves. In fact, citric acid is known to protect ascorbic acid from metal-catalysed oxidation and to function as a synergist with other antioxidants [43] .
In conclusion, the results obtained in the present work denote that tronchuda cabbage internal leaves may constitute a good source of health promoting compounds, namely flavonoids and organic acids. In addition, and as far as we know, this is the first report considering the antioxidant potential of the species, suggesting that it could be useful in the prevention of diseases in which free radicals are implicated.
